SecA is a membrane-associated ATPase that drives the transport of precursor proteins (preproteins) across the bacterial cytoplasmic membrane (1) (2) (3) . SecA binds with high affinity to the SecYEG complex (1, 4, 5) , which constitutes the pore across the membrane that allows the transport of unfolded preproteins across the membrane as well as the integration of membrane proteins into the lipid bilayer (6) (7) (8) (9) . SecA and SecYEG together form the preprotein translocase. Binding and hydrolysis of ATP by SecA is essential for preprotein translocation. It allows the cycling of SecA between a membrane-bound and free cytosolic form (5, 10) and simultaneously the binding and release of the preprotein by SecA. Consecutive rounds of ATP binding and hydrolysis result in the stepwise translocation of the preprotein across the membrane (11, 12) .
Recently, the crystal structures of dimeric (13) and monomeric (14) Bacillus subtilis and dimeric Mycobacterium tuberculosis SecA (15) were solved at atomic resolution. Superposition of the three structures showed a similar domain organization and overall folds (15) . On the basis of biochemical and structural evidence (10, 12, (16) (17) (18) (19) (20) (21) , functions have been assigned to the different domains of SecA (See Figure 1) . A high-affinity nucleotide-binding site is located in the first nucleotide-binding fold ( Figure 1 , NBF-I 1 in violet). Mutations that impair binding and hydrolysis of ATP at this site (17, 22) inhibit translocation and result in fractionation of SecA in a membrane-bound form (10, 23) . Indeed, release of SecA from SecYEG during or after completion of translocation requires the hydrolysis of ATP (24, 25) . This suggests that SecA cycling and preprotein translocation are coupled processes. A low-affinity binding site for nucleotides (17, 18) is located in the second nucleotide-binding fold (NBF-II, light blue). Hydrolysis of ATP at this site has also been suggested to loosen the SecA structure to facilitate nucleotide release from NBF-I (13, 26) . However, other evidence indicates that this ATP-binding site is nonfunctional (21, 27) and that NBF-II fulfils a regulatory function (intramolecular regulator of ATP hydrolysis, IRA2) (28) . The NBF-II of Escherichia coli SecA contains an additional stretch of 29 amino acids (Gly 517-Ala 548) that is not present in Gram-positive microorganisms (13) . Other domains identified in SecA (Figure 1 ) are the preprotein cross-linking domain (PPXD, yellow) (16) , the R-helical scaffold domain (HSD, dark green), the helical wing domain (HWD, light green), and the carboxyl-terminal linker (CTL, red) (13, 15) . The HSD is the only domain that contacts all other subdomains in SecA, and it seems to function as a global template of the SecA structure (13, 15) . The Nterminal part of this domain is connected to the NBF-II domain and is involved in packing interactions with NBF-I. The C-terminal part of the HSD domain is connected to the HWD, where it forms the interface of the physiological SecA dimer (13) and to the CTL that contains the primary SecBbinding site (13, 29, 30) .
Recently, the crystal structure of the archaeon Methanococcus jannaschii Sec61 complex was solved (31) . This complex is approximately 50% homologous to the E. coli SecYEG protein complex. A comparison of the crystal structure with an electron-density map of 2D crystals of the E. coli SecYEG complex (32) showed a similar arrangement of the transmembrane segments (31) . It has been suggested that the Sec61 complex forms an "hourglass" shaped waterfilled channel with a ring of hydrophobic residues at its constriction. This putative channel is closed on the periplasmic face of the membrane by a plug-like structure formed by a re-entrance loop that connects transmembrane segments 1 and 2 of Sec61R (9, 31) . Because archaea lack a SecA homologue, it is difficult to access the binding site for SecA from the structure of the Sec61 complex. Moreover, the precise interactions between SecA, SecYEG, and the preprotein and even the stoichiometry of these interactions are presently a matter of debate (32) (33) (34) (35) (36) (37) .
The mechanism of SecA-mediated protein translocation is complex and likely requires nucleotide-induced structural rearrangements of SecA engaged with the SecYEG complex and a preprotein substrate (1, 10, 11, 38) . Surprisingly, both in the B. subtilis and M. tuberculosis SecA structures, only small structural differences were observed when the apo and different nucleotide-bound holo forms were compared (13, 15) . Large conformational differences can be observed when comparing the dimeric (13) and monomeric (14) B. subtilis SecA structures. In the monomeric structure, a deep groove is exposed and it has been suggested that this region interacts with the substrate polypeptides (14) . However, this large change in conformation is not nucleotide-dependent and seems unique for the monomeric crystal form. Currently, it is not understood how the energy of ATP binding and hydrolysis is utilized for preprotein translocation. Moreover, to understand the mechanism of motor action, it will be necessary to investigate the structure and function of SecA while it is functionally associated with the SecYEG complex.
Here, we have used fluorescence spectroscopy to investigate the conformational state of the SecYEG-bound SecA protein. E. coli SecA contains seven endogenous tryptophan residues, i.e., at positions 349, 519, 541, 622, 701, 723, and 775 (39) . The primary amino acid sequences of B. subtilis and M. tuberculosis SecA show about 50% similarity to the E. coli SecA, and modeling of the E. coli SecA on the published crystal structures (13-15) enabled us to position the endogenous tryptophan residues in the different domains of SecA (gray spheres in Figure 1 ). Trp 349 is located within the PPXD. Trp 519 and Trp 541 are located in the Gramnegative-specific insertion region within NBF-II (13) . This insertion region faces the interface with NBF-I, where the nucleotide binds ( Figure 1A ). Trp 622 is located at the transition of NBF-II and the HSD. Trp 701 and Trp 723 are part of the flexible HWD. Finally, Trp 775 is part of the HSD. The endogenous tryptophan residues cover most of the E. coli SecA domains and therefore may provide detailed information on its overall conformational state. In an early stage, total tryptophan fluorescence studies have been performed to monitor the thermal unfolding of soluble E. coli SecA to understand the molecular processes associated with nucleotide, preprotein, and membrane binding (3, 13, 26, (40) (41) (42) (43) (44) (45) . SecA was found to be destabilized by the nonhydrolysable ATP analogue AMP-PNP (13, 40, 41), preproteins (42) , and membranes containing anionic phospholipids (3). On the other hand, ADP stabilized the conformation of SecA (41 (43) . These conformational changes correspond to the earlier described temperature-induced flexibility of this domain (2) .
We have exploited the environmental sensitive spectral properties of the single tryptophan mutants and their accessibility for the collisional quencher acrylamide to investigate the conformational state of the SecYEG-bound SecA protein.
Our data indicate that binding of SecA to SecYEG results in an altered conformational state of SecA. Strikingly, the SecYEG-bound SecA undergoes ATP-dependent conformational changes that are not observed for the soluble SecA. These data provide structural insight into the mechanism of the SecYEG-induced elevated nucleotide release kinetics at the SecA protein (38) .
EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Media. Strains were grown in Luria Bertani (LB) broth or LB agar (46) supplemented with 100 µg/mL of ampicillin, 0.5% (w/v) glucose, or 0.5 mM isopropyl--D-thiogalactopyranoside (IPTG), as required. Construction of the plasmids was done in E. coli JM101 or JM110 (41, 47) . Complementation of chromosomal secA and overexpression using the plasmids bearing the tryptophanless or single tryptophan SecA mutants were done in E. coli strain MM66 (geneX am and supF ts ) (48) .
Construction of the Tryptophanless and Single Tryptophan
SecA Mutants. The construction of the tryptophanless SecA was described by den Blaauwen et al. (41) . Single amino acid substitutions were cloned in pMKL18 (49) to create single tryptophan mutants under control of the IPTGinducible lac promoter ( Table 1) .
Complementation of the Temperature-SensitiVe Phenotype of E. coli MM66. Plasmids were transformed into E. coli MM66 (48) and checked for complementation of the chromosomal secA by growth and colony formation on LB agar plates (46) supplemented with 100 µg/mL ampicillin, 0.5% w/v glucose, and 0.5 mM IPTG at 30°C and the nonpermissive temperature of 37 and 42°C.
Expression and Purification of SecA. E. coli MM66 cells transformed with plasmids containing tryptophanless or single tryptophan secA under control of the IPTG-inducible lac promoter were grown overnight at 30°C in LB containing 0.5% glucose and 100 µg/mL ampicillin. Cells were diluted 1000-fold in LB containing 100 µg/mL ampicillin and were grown at 37°C. SecA expression was induced at an OD 660 ) 0.6 with 0.5 mM IPTG. After 2 h, cells were harvested by centrifugation and resuspended in a 50 mM Tris-HCl at pH 7.5 buffer containing 10% (w/v) sucrose. The suspension was frozen in liquid nitrogen and stored at -80°C. For the purification of SecA, cells were rapidly thawed and subsequently lysed by French press treatment. Membranes and other insoluble material were removed by centrifugation at 125000g for 90 min at 4°C. SecA was purified using Reactive Blue 4 Agarose (Sigma) and HiTrap Q HP Sepharose (Pharmacia) columns as described (50) . Finally, SecA was concentrated using a Centriprep 50 concentrator (Millipore) and applied on a Superose 12 gel-filtration column (Pharmacia) equilibrated with 50 mM Tris-HCl at pH 7.5 and 1 mM DTT. Purified proteins were analyzed by Coomassie Brilliant Blue stained SDS-PAGE and found to be more than 95% pure. The concentration of wild-type (WT) SecA was determined spectroscopically using a molar extinction coefficient at 280 nm of 83 000 M -1 cm -1 for monomeric SecA. Comparative SDS-PAGE with WT SecA as a reference was used to estimate the protein concentrations of the single tryptophan mutants.
Steady-State Fluorescence Measurements. Tryptophan emission spectra were collected on a temperature-controlled SLM-Aminco 4800C spectrofluorometer (SLM-Aminco, Urbana, IL) with Glan-Thompson polarizers. The slit widths for the excitation and emission beam were set open, and the excitation and emission polarizer were set to 90°and 0°, respectively, to reduce light scatter. Tryptophan emission spectra from 320 to 450 nm were scanned at a rate of 1 nm/s using an excitation wavelength of 295 nm. Fluorescence spectra were corrected by substacting the buffer or a control containing the tryptophanless SecYEG proteoliposomes for the measurements with the soluble SecA and SecYEG-bound SecA, respectively (38) .
Tryptophan Fluorescence Quenching of Single Tryptophan SecA Mutants. Small aliquots of a 1 M acrylamide solution prepared in the protein buffer (50 mM KCl, 50 mM TrisHCl at pH 7.5, and 5 mM MgCl 2 ) were added in a microquartz cuvette to a 120 µL volume containing 0.14 µM soluble SecA or 0.07 µM SecYEG-bound SecA (38) . When indicated, 1.6 mM ATP was added. All measurements were repeated 3 times, and the data were corrected for dilution effects and analyzed using the Stern-Volmer equation (eq 1) (51).
where F 0 and F are the fluorescence intensities in the absence and presence of the quencher, respectively, [Q] is the concentration of the quencher, and K SV is the Stern-Volmer constant. K SV can be considered a reliable measure of the bimolecular collisional constant for quenching of the tryptophan because K SV ) k q τ o , where k q is the bimolecular collisional constant and τ 0 is the lifetime constant of the fluorophore in the absence of the quencher (51). Assuming 
that the lifetime τ 0 is not changed after nucleotide or SecYEG binding, K SV reflects the change in accessibility of the tryptophan residue to the quencher. When the fluorescence quenching F is more than 50% of the starting fluorescence intensity F 0 , the data can deviate from the linearity and are considered unreliable (51) . Quenching was linear up to 40 mM acrylamide, and Stern-Volmer constants were calculated from the data obtained in this linear range. Other Methods. In Vitro translocation of proOmpA into tryptophanless SecYEG proteoliposomes was performed as described (52) . E. coli SecA (39) was modeled on the published crystal structures of B. subtilis SecA (1M6N and 1M74) (13), (1TF5 and 1TF2) (14) , and M. tuberculosis SecA (1NKT and 1NL3) (15) using the Swiss-Model module of Swiss-PDB Viewer 3.7 (53) .
RESULTS

Functional Complementation of the E. coli MM66 Temperature-SensitiVe Strain by Single Tryptophan
SecA Mutants. SecA contains seven endogenous tryptophan residues at positions 349, 519, 541, 622, 701, 723, and 775 (39). We have previously described the construction of tryptophanless and single tryptophan SecA by replacement of the endogenous tryptophans by phenylalanines (41) . The genes encoding tryptophanless and the single tryptophan mutants of secA were cloned under control of the IPTG-inducible lac promoter (49) ( Table 1 ). E. coli MM66 contains an amber mutation in geneX and a temperature-sensitive suppressor tRNA and is unable to grow at 37 and 42°C because of the lack of SecA expression (48) . The tryptophanless and single tryptophan mutants of SecA were expressed in E. coli MM66. At 30°C, the permissive temperature, all transformants showed normal growth on the plate (Figure 2A ). At 37 (data not shown) and 42°C, the cells expressing the chromosomal secA showed no colony formation (Figure 2A, I ). In contrast, the plasmid encoded WT and tryptophanless and single tryptophan mutants restored growth (Figure 2A , II-X), demonstrating that these mutants of SecA are functional. The tryptophanless mutant was only used as a template for the construction of the single tryptophan mutants and was not further employed in this study.
In Vitro Translocation ActiVity of Single Tryptophan SecA Mutants. All single tryptophan mutants of SecA were overexpressed in E. coli MM66 (48) and purified to homogeneity. The purified SecA mutant proteins were tested for in Vitro translocation of proOmpA into proteoliposomes reconstituted with the tryptophanless SecYEG complex (38) . With all single tryptophan SecA proteins, translocation of proOmpA could be demonstrated ( Figure 2B ). SecA (Trp 541) was about half as active as the WT SecA. Because all single tryptophan mutants were active, they could be used as reporters for the conformational states of SecA.
Spectral Characteristics of the Soluble and SecYEG-Bound Single Tryptophan SecA Mutants. The tryptophan emission spectra of the individual single tryptophan mutants of SecA were recorded. Samples were excited at 295 nm to minimize the contribution of tyrosine to the fluorescence signal (51) . As observed previously, the C-terminal tryptophan residues Trp 701, Trp 723, and Trp 775 showed a major contribution to the total SecA protein fluorescence signal (43) (Figure  3 ). In addition, we observed a significant contribution of Trp 622 to the total fluorescence signal. All other single tryptophan SecA mutants (Trp 349, Trp 519, and Trp 541) showed clear but lowered emission spectra.
To investigate the molecular environment of the different tryptophan residues, emission spectra of the soluble and SecYEG-bound SecA mutants were recorded both in the absence and presence of ATP. For this purpose, SecA proteins were incubated with proteoliposomes reconstituted with the tryptophanless SecYEG complex, whereupon the SecYEG-bound fraction was collected by centrifugation through a glycerol cushion as described previously (38) . The recorded tryptophan emission spectrum provides information about the local environment of the individual tryptophan residues, wherein the emission maximum (λ max ) at a shorter or longer wavelength is indicative for a hydrophobic or hydrophilic environment, respectively (51, 54) . Spectra were recorded before and after the addition of ATP. Because ATP is rapidly hydrolyzed such that only ADP is recovered with SecA (38), the obtained data reflect the ADP-bound con- Table 2 . Several changes in the λ max of single tryptophans of SecA are observed upon binding to the SecYEG complex, whereas others (e.g., Trp 622) are completely invariant (Figure 4) . We have classified these λ max changes into minor (between 2 and 3 times the error of the mean of the measurement, 8-12 nm) and major (more than 3 times, >12 nm) shifts.
Binding of SecA to SecYEG results in a minor blue shift of λ max of Trp 519 and a major red shift of Trp 723. This observation suggests that under these conditions Trp 519 enters a more hydrophobic and Trp 723 enters a more hydrophilic environment. These changes in λ max suggest that these sites and their corresponding domains (NBF-II and HWD) either interact directly with SecYEG or that a global conformational rearrangement of SecA upon binding SecYEG also changes the environment of these tryptophan residues and their corresponding domains. The importance of these sites is also apparent after addition of ATP to soluble SecA and SecYEG-bound SecA. SecYEG Binding Changes the Acrylamide Accessibility of Single Tryptophan SecA Mutants. Acrylamide is an uncharged quencher that is often used to determine the solvent accessibility of the tryptophan residues in proteins. Up to a concentration of 60 mM, acrylamide had no effect on the SecA translocation ATPase activity and the in Vitro protein translocation activity (data not shown). Thus, this quencher can be used to examine the accessibility of the tryptophans of SecA in its different functional states. The acrylamide quenching of the single tryptophan SecA mutants was determined for both free and SecYEG-bound SecA in the presence and absence of ATP. Quenching data were analyzed by Stern-Volmer plots ( Figure 5) , and the corresponding Stern-Volmer constants (K SV ) were calculated (Table 3 ) (51). The high K SV values are consistent with a very loose and open conformation of soluble SecA, as previously suggested (26) . In general, the addition of ATP results in a 10-40% reduction of acrylamide accessibility, suggesting a more compact conformation, reminiscent of the ADPbound SecA (41) . Especially, the accessibility of Trp 519 (b versus O) was reduced by ∼80% upon ATP binding. Together with the major blue shift of λ max of this residue, it appears that it becomes less mobile and/or moves to a more hydrophobic environment upon ATP binding. Binding of SecA to the SecYEG complex renders all tryptophan residues Table 2 . The concentration of soluble and SecYEG-bound SecA was 0.14 and 0.07 µM, respectively. at least 2-fold less accessible to acrylamide quenching (Table  3) , demonstrating the conversion of a loose soluble SecA conformation into a more compact conformation in the SecYEG-bound state. Trp 723 and Trp 541 become ∼80% less accessible to acrylamide in the SecYEG-bound state (2 versus 4 in Figure 5 and Table 3 ). Unexpectedly, while the accessibility of Trp 723 to externally added quencher is strongly reduced upon SecYEG binding, the major red shift of λ max indicates that this residue increases mobility or moves to a more hydrophilic environment upon ATP binding. This may mean that Trp 723 becomes shielded for acrylamide quenching upon SecYEG binding. Addition of ATP to the SecYEG-bound SecA further reduces the acrylamide accessibility of a number of tryptophan residues (2 versus 4 in Figure 5 ). Strikingly, Trp 349, Trp 541, and Trp 701 become nearly completely inaccessible. In contrast, Trp 622 remains essentially unchanged, while the accessibility of Trp 723 increases. When these data are taken together, they demonstrate that the binding of SecA to the SecYEG complex and subsequent ATP binding/hydrolysis result in major changes in the acrylamide accessibility of the tryptophan residues. These data are indicative for an unique SecYEG-and ATPdependent conformational change of SecA.
DISCUSSION
We have investigated the structural properties of soluble and SecYEG-bound SecA by means of site-specific tryptophan fluorescence spectroscopy. E. coli SecA contains seven tryptophan residues that are located in distinct domains, (13, 15, 39) (Figure 1 ). Recently, we have shown that binding of SecA to SecYEG results in a major acceleration of the nucleotide exchange rate at NBF-I in conjunction with a decreased nucleotidebinding affinity (38) . This implies that there must be a unique conformation of SecA while bound to SecYEG. Here, we have used the fluorescence characteristics and the acrylamide accessibility of single tryptophan mutants of SecA in the soluble and the SecYEG-bound state to examine the structural changes induced by SecYEG binding in the presence and absence of ATP. In our acrylamide accessibility experiments of soluble SecA, high K SV values for some of the single tryptophan mutants were obtained ( Table 3 ). The K SV value for acrylamide quenching of the single exposed Trp residue of SecB is 25 M -1 , whereas free tryptophan in buffer or ethanol shows K SV values of 10 and 31 M , respectively (unpublished data). When these results are taken together, they imply a very loose conformation of soluble SecA as suggested before (26) , possibly a molten globular state.
Upon ATP binding, large changes were observed in the fluorescence emission maxima (λ max ) of Trp 519 and Trp 701, suggesting that these residues move to a more hydrophobic environment. Reduced acrylamide accessibility was observed for a number of tryptophan residues (10-40%), Table 3 . (20) . This domain can function as an independent ATPase in nucleotide, preprotein, and SecYEG binding (21, 28) . In right-side-out vesicles, accessibility studies using the membrane impermeable sulfhydryl-labeling reagent biotin-maleimide (N R -3-maleimidylpropionyl biocytin) identified the accessibility of the single cysteine SecA mutants in the PPXD (Cys 300 and Cys 350), NBF-II (Cys 530), and the CTL (Cys 858 and Cys 896) (55) . Our acrylamide accessibility data of the SecYEG-bound SecA confirms an interaction of the NBF-II and the HWD, which both undergo packing interactions with the CTL (13) . Major regions of SecA become highly inaccessible to the quencher when bound to SecYEG, indicating a tight interaction (56, 57) .
ATP binding to soluble SecA affects the λ max of Trp 519 and to a lesser extent than the λ max of Trp 701, whereas the ATP binding to the SecYEG-bound SecA shows λ max changes of several tryptophan residues as a major λ max blue shift of Trp 349 and Trp 723 and a minor λ max red shift of Trp 701. The acrylamide accessibility of Trp 349, Trp 541, and Trp 701 was almost completely abolished, while that of Trp 519 and Trp 775 was reduced and that of Trp 723 was increased. Remarkably, Trp 701 moves to a more hydrophilic environment (red shift of λ max ) where it is less accessible to acrylamide, while the opposite effect is observed for Trp 723 (blue shift of λ max ). The reduced acrylamide accessibility of Trp 723 in the absence of ATP and Trp 701 in the presence of ATP suggest that binding to SecYEG shields the tryptophan residue from the quencher and positions it in a hydrophilic environment like for instance the water-filled channel inside SecYEG (31) or SecA (34) . It should be emphasized that under the conditions employed the bound ATP is immediately hydrolyzed to ADP (38) . Indeed, preliminary evidence indicates that ADP and ATP induce similar responses with SecA Trp 701 (unpublished data). A study on the differential responses of nonhydrolysable ATP analogues and effects of the precursor protein will be subjects of further investigation.
Ideally, for single tryptophan quenching analysis, the tryptophan residues should be present at the regions and domains that undergo large conformation changes, e.g., an interface between two domains. This study was limited to the positions of the endogenous tryptophan positions. However, three of these positions, Trp 349, Trp 519, and Trp 775 are located on such domain interfaces (Figure 1) . Trp 519 is located on the interface between NBF-I and NBF-II. This region is most sensitive to ATP binding in soluble SecA. For soluble SecA, the accessibility of this position is strongly reduced and the λ max is shifted to a more hydrophobic environment. This phenomenon is less obvious in the SecYEG-bound state.
Trp 349 and Trp 775 are part of the PPXD and HSD regions, respectively, and are located on the interface between these two domains (13) . These domains are connected via large aromatic (Trp 775, Phe 811, and Tyr 803) and charged (Glu 806 and Arg 792) residues (13, 28) . The disturbance of this interface weakens the interaction between the C and N domains and causes an elevated ATPase activity (28) . The open SecA conformation of a monomeric protein ( Figure  1B ) (14) shows a ∼60°rigid body rotation of the PPXD domain and the opening of a large groove between the PPXD and HWD disturbing the PPXD-HSD interface (14) . The high acrylamide accessibility of Trp 349 and Trp 775 is reduced upon binding to SecYEG in the absence or presence of ATP, suggesting that SecYEG and the consecutive ATP binding either bring the PPXD and HSD domains closer together or that these domains independently bind or penetrate the SecYEG channel.
Our data clearly demonstrate that the PPXD (Trp 349), NBF-II (Trp 519 and Trp 541), and HWD (Trp 701 and Trp 723) undergo conformational changes upon ATP binding to the SecYEG-bound SecA. Because these changes in acrylamide accessibility of these residues were not observed for the soluble SecA, it can be concluded that the SecYEGbound SecA adopts an unique conformation that differs from the soluble enzyme. Importantly, this emphasizes the necessity to study the SecYEG-bound SecA more extensively. Currently, most studies on the molecular mechanism of the SecA motor protein are restricted to the soluble enzyme. Our study was performed with single mutants of the endogenous tryptophan positions of SecA. The tryptophanless SecA can now be used to introduce tryptophans at selected positions, and this will make an even more powerful approach in studying the catalytic mechanism of this remarkable motor protein.
